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Although wound healing has been studied for
more than three quarters of a century little prog-
ress was made in understanding the mechanism
by which the wound surface becomes covered.
Three stages have been distinguished in epi-
thelialization: (a) a lag period, followed by (b)
migraticn of cells over the wound, and (c) subse-
quent remodelling of the newly formed epithe-
hum. There are many controversial views about
the constituent processes of epithelialization
which are summarized as follows: At the end of
the last century Fraisse (1) concluded from his
studies that wounds are covered by epithelial
proliferation, whereas Peters (2) thought that
skin defects are repaired by rapid movement of
epidermal cells which are adjacent to the wound.
Barfurth (3) noted that migration is independent
of mitosis; he was the first to emphasize that
migration is an ameboid-type mass movement of
epithelial cells. His ideas were supported by Born
(4), Oppel (5), Poynter (6), Arey (7), and Her-
rick (8). Contrary to Barfurth's view, Rand (9)
believed in individual cell migration. Holmes (10)
and Herrick (8) thought that the emigrating cells
are attached to one another and the cells in front
pull the cells that are behind them. Recent
studies of Lash (11) in amphibia indicated that
the epithelial cells move in a wave-like fashion
over the wound.
There are also different views as to which cell
type of the epidermis emigrates and covers the
wound. Eycleshymer (12) and Hartwell (13)
thought that all cell types of the epidermis emi-
grate with the exception of the horny cells,
whereas Uhlenhuth (14) and Matoltsy (15) ex-
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pressed the view that only the basal cells partici-
pate in wound healing. Contrary to the above,
Bishop (16) caine to the conclusion that only the
upper Malpighian cells emigrate from the epider-
mis to cover the wound.
The contribution of cell division to epitheliali-
zation has been evaluated by several investiga-
tors. Marchand (17), Werner (18), and Bullough
(19) noted a relatively low mitotic activity at the
edge of the wound during early stages of epi-
thelialization. Oppel (5), Osowski (20), Poynter
(6), Gurwitsch (21), Arey (7), Herrick (8), Arey
and Cavode (22), Mann (23), and Pepper (24)
firmly believe that mitotic activity increases only
after many epidermal cells have emigrated.
Holmes (10) related increased mitotic activity to
the thickening of the migrating sheath, whereas
Hartwell (13) stated that mitotie activity in-
creases at the edge of the wound only after cessa-
tion of cell migration. Hell and Cruiekshank (25)
and Sullivan and Epstein (26) found that mitotie
activity is discontinuous and consists of cycles of
high and low activities at 8—12 hour and 12—18
hour intervals respectively.
While it is generally agreed that cells for epi-
thehiahization are derived from the epidermis that
surrounds the wound, it is not clear as to whether
(a) increased mitotic activity at the epidermal
wound edge starts early or late, (b) wounds are
covered by proliferative or migratory activity of
epidermal cells, (c) the cells move over the wound
surface singly or in groups, and (d) one or more
cell types of the epidermis takes part in epitheliali-
zation.
To clarify controversial views and get a deeper
insight into the mechanism of epitheliahization
we investigated the repair of small and shallow
wounds in rabbits. The activities and fate of cells
were studied in serially taken biopsy specimens.
Information was obtained about the location and
number of mitotic cells by arresting mitoses with
colchieine or marking cells which are about to
divide with tritiated thymidine. The role of cell
division in epithelialization was studied by ad-
ministering colehicine and maintaining its con-
centration at a high pharmacologic level. Further-
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more, the role of the hemopoietic system in wound
repair was studied by using busulfan, a specific
myeloid depressant.
Small and shallow wounds were selected pur-
posely for this study because they epithelialize
rapidly and the sequential events can be followed
in detail in a relatively short time. Furthermore,
complicating factors caused by desiccation, infec-
tion, maceration of the wound by dressings, etc.,
are eliminated or reduced to a large extent.
MATERIAL ANO METHOD
To compare sequential events it is of considera-
ble importance to have reproducible wounds. It
is very difficult to control the depth of an incision
made by a surgical knife. Experimentations, how-
ever, showed that shallow wounds of reproducible
depth can be easily made by applying a guard to
the blade. A simple adjustable blade guard, made
in our laboratory, is shown in Fig. 1.
White rabbits weighing 2—3 kg were used as
experimental animals in all of our studies. The
hair on the back was carefully clipped avoiding
injury to the skin. Linear incisions were made
extending from the neck to the tail with the
guarded surgical knife set to cnt a wound 0.5 mm
deep.
The rabbits were divided into four groups. In
the first group incisions were made on the back
of four rabbits and biopsies were performed every
30 minutes during the first 6 hours and then every
2 hours up to 24 hours. Subsequently, biopsy
specimens were obtained after 48, 72 and 96 hours.
In the second group of five rabbits similar incisions
were made, and after 24 hours colchicine was in-
jected subcutaneously (1 mg/kg body weight)
every 6 hours to maintain a steady pharmacologi-
cal effect. Biopsy specimens were obtained daily
starting 48 hours after the wound was made. One
rabbit died of colchicine poisoning after the medi-
cation had been administered for 36 hours, two
after 50 hours and the remaining two after 70
hours. In the third group three rabbits were used.
A single incision was made daily on the back of
each rabbit for four days to obtain wounds in
different stages of healing on the fifth day. On
the fifth day tritiated thymidine was injected
intravenously (1 me/kg body weight, specific
activity 6700) into each rabbit and biopsy speci-
mens were obtained after 30 minutes. In the fourth
group six rabbits were given busulf an intraperi-
toneally (1 mg/kg body weight) weekly. Total
and differential WBC counts were done twice a
week. The drug was continued until either the
differential count of polymorphonuclear neutro-
philie leukocytes had dropped to 0 or the total
count to 1000 (4 to 6 weeks). Three rabbits died
before this goal was reached. The counts of the
remaining rabbits were as follows: Rabbit *1:
Total 1950, P5, LL 26, SL 63, M 4, B 2, E 0; Rabbit
*2: Total 1150, P0, LL 0, SL 90, IVI 10, B 0, E 0;
Rabbit *3: Total 1000, P0, LL 4, SL 84, M 8, B 0,
E 0. Incisions were made and biopsies performed
on these rabbits the same way as on those in group
one.
All biopsy specimens were processed using
Helly's fixative and embedded in paraffin by
routine methods. Sections were stained with
hematoxylin-eosin. Autoradiographs were pre-
pared by dipping the sections into Kodak bulk
emulsion NTB2 and developing them after 6—8
weeks.
RESULTS
1) Lag period: Microscopic examination of the
histological sections obtained from wounds of un-
treated animals shows that the guarded surgical
knife used in making the incisions passes through
the epidermis into a narrow portion of the upper
dermis. The wound edges are retracted after half
an hour and the wound is filled with an exudate
(Fig. 2). The capillaries are dilated in the wound
area; many intra- and perivascular polymorpho-
Fin, 1. A simple adjustable aluminum blade-guard is shown
1
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FIG. 2. Cross-section of a wound made with a guarded surgical knife. Note retracted wound edges'
and the exudate in the wound.
FIG. 3. A capillary from Fig. 2 is shown at higher magnification. Note many intra- and perivaseular
polys. FIG. 4. Cross-section of a wound at 23's hours. Note development of the "poly-band"
FIG. 5. Cross-section of a wound at 24 hours. Note that the "poly-band" are is fully developed and
it delineates the damaged tissues from the intact dermis. Epidermal hypertrophy is maximal close to
and at a short distance from the wound.
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nuclear neutrophilie leukocytes (polys) can be
seen (Fig. 3). During the following six hours the
major event appears to be migration of polys and
some lymphocytes toward the wound. About six
hours after the incision was made, the wound
area is clearly demarcated from the remainder of
the dermis by a zone of polys (Fig. 4). The de-
marcation zone is fully developed between 12 and
24 hours (Fig. 5). This zone will hereafter be
designated as "poly-band." The poly-band plays
an important role in wound repair as it protects
the tissue from bacterial invasion and sharply
demarcates the intact dermis from the damaged
tissue. The dermal components, such as fibro-
blasts and collagen fibers above the poly-band
undergo necrotic changes, whereas those below
the poly-band remain unaffected. The poly-band
extends up to the base of the intact epidermis.
The damaged epidermal edges located near to the
poly-band are also undergo degenerative changes.
Examination of wounds of busulfan-treated
rabbits reveals a basically different response. In
two rabbits formation of the poly-band was ab-
sent. In the wound of a third rabbit a few polys
appear scattered diffusely over the wound with-
out any obvious tendency to forru a band.
2) Epidermal responses prior to emigration of
cells: During the first 18 hours there are no micro-
scopically visible changes in the epidermis around
the wound. This epidermis undergoes marked
changes within the subsequent 2—3 hours in both
control and treated animals. The non-keratinized
cells increase in size and number, and the num-
ber of layers, which were two to three, increase
to six to eight. This thickening of the epidermis
is of greatest extent in the region adjacent to the
wound and diminishes with distance from the
wound edge until it gradually merges with the
normal epidermis (Fig. 5). Thickening of the
epidermis is mainly caused by increased mitotie
activity that is evidenced by the presence of
many marked cells in wounds of animals given
tritiated thymidine; such cells occur in largest
number close to the edge of the wound. Dividing
cells were not found in sections of wounds of un-
treated animals.
3) Epithelialization Biopsy specimens of un-
treated rabbits show that cells emigrate from the
hypertrophie epidermis only after 24 hours. The
cells leave the epidermis near to the neerotized
edges. The cells are closely attached to one an-
other and form a wedge-shaped epithelial mass
(Fig. 6). The epithelial mass moves between the
poly-band and the underlying intact dermis; thus
it seems that the poly-hand attracts the epithelial
cells and guides their movements. Mitotio cells
could not be detected in the migrating epithelium
in preparations from untreated animals. Many
tritiated thymidine marked cells were seen, how-
ever, in the wedge-shaped epithelium in biopsies
obtained from tritiated thymidine and colehicine
treated aninials. Emigration of epidermal cells
did not occur in wounds of busulfan treated
rabbits where a poly-band was not formed.
After 48 hours epithelialization is considerably
advanced in the wounds of untreated animals
(Fig. 7). The migrating epithelium is relatively
thick and is covered by a parakeratotie cell layer
often overlying a granular layer. The presence
of these cells at different stages of keratinization
indicates that cell differentiation is already in
progress at this stage. Again, as in earlier speci-
mens, dividing cells were not observed in the
migrating epithelium of untreated animals.
Many marked cells were seen, however, in the
basal layers of both proximal and distal portions
(Fig. 11B) of the newly formed epithelium of
tritiated thymidine treated rabbits (Fig. 9).
After 48 hours, in the colehicine treated animals
epithelialization has not progressed appreciably
beyond where it was at 24 hours (Fig. 10). This
would indicate that by arresting cells in division,
epithelialization is retarded. Epithelialization is
absent in the busulfan treated rabbits where a
poly-band fails to form.
After 72 hours the wounds of untreated animals
are fully covered by epithelium and the crust is
completely separated from the epithelium (Fig.
8). Although migratory activity has come to an
end, proliferation continues and the epithelium
thickens in the center of the wound. The new
covering epithelium contains all the cell types
normally present in the epidermis with the excep-
tion of normal horny cells. The uppermost layer
consists of parakeratotie cells. Mitotic activity
is high in the basal portion of the newly formed
epithelium as indicated by the presence of nu-
merous marked basal cells in wounds of tritiated
thymidine treated rabbits. The wounds of the
colehieine-treated rabbits are only partially
covered by epithelium after 72 hours, whereas
those of the busulfan treated animals are not
epithelialized at all.
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FIG. 6. Cross-section of a wound at 48 hours. Note wedge-shaped epithelial mass migrating between
"poly-band" and intact dermal surface.
FIG. 7. Cross-section of a wound at 72 hours. The newly formed epithelium covers a considerably
large portion of the wound. Note the granular and parakeratotic cells in the distal portion of the new
epithelium.FIG. 8. Cross-section of a wound at 96 hours. The wound is fully covered by epithelium; it is thicker
in the center than at the periphery. Differentiating cells occur all along the new epithelium that 1S
covered by parakeratotic and granular cells. The crust is fully separated from the wound at that stage.
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FIG. 0. Cross-section of a wound of a rabbit tbat was treated with tritiated thymidine. Note "marked"
cells in portions of basal layer of the newly formed epithelium. Wound is in 48 hour stage of healing.
Fin. 10. Cross-section of a wound of a rabbit that was treated with colchicine. Note dividing cells
arrested in metaphase in the newly formed epithelium. Wound is in 48 hour stage of healing.
DISCUSSION
The results of this study show that capillary
dilation and invasion of the wound by white
blood cells are early responses to wounding. Al-
though these phenomena have been long ob-
served, the significance of leukocytie invasion has
not been fully evaluated. Migration of white
blood cells into the wound area is generally con-
sidered as a defensive mechanism by which
bacterial invasion is inhibited. Our observations
indicate that leukocytic infiltration of the wound
has a dual purpose; it plays a role in both defense
mechanism as well as epithelialization. While one
function of the poly-band is to form a temporary
barrier against bacteria, its other function is to
provide an intact dermal surface upon which the
epithelium can move forward and grow. The
poly-band sharply delineates necrotic and intact
tissues and creates an environment that is favor-
able for new growth. The intact dermal surface
underneath the poly-band thus appears as a
prerequisite and guiding surface for epithelializa-
tion.
The busulfan treated rabbits, lacking a nor-
mally functioning hemopoietic system, are unable
to develop a poly-band. Thus, the prerequisite
intact dermal surface is not present upon which
epidermal cells can migrate. Consequently, the
wounds remain uncovered. Hence, a well func-
tioning hemopoietic system seems to be important
not only for protection against invading bacteria
but also for epithelialization. In this regard it is
also noteworthy to recall Block's (27) finding in
wounds of newborn opossum. He observed that
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wounds heal normally in 6-day or older animals
but healing is defective in younger animals lack-
ing a well-developed hemopoietic system. In
clinical conditions where there are appreciable
diminution of polys, i.e. severe agranulocytosis
and cyclic neutropenia, the presence of poorly
healing ulcerations on mucosal surfaces subjected
to trauma may be due to inability to form a
poly-band.
Epithelialization of small wounds seems to be
elaborated by three basic biological processes;
namely, migration, mitosis and differentiation
(Fig. 1 lAB C). Basal cells emerge from the hyper-
trophic epidermis close to the necrotic wound
edges and form a wedge-shaped epithelial mass.
As this mass moves forward and penetrates be-
tween the poly-band and the intact dermis, the
cells are engaged in both migratory and mitotie
activities (Fig. hA).
When the newly formed epithelium has covered
a large part of the wound, its proximal portion
functions differently from the distal one. In the
distal portion migratory activity ceases; the cells
actively divide and the newly formed cells are
displaced mainly in an upward direction. As a
result, this part of the epithelium thickens and
cell differentiation begins as evidenced by the
presence of granular and parakeratotic cells. The
cells differentiate faster than in normal epidermis
and form a parakeratotic cell layer (Fig. 1 1B).
The cells in the proximal portion of the epithelium
are actively dividing and migrating to cover the
remaining part of the wound; differentiation does
not occur (Fig. 11B).
During the final stage, the proximal parts of
the epithelium from both sides meet and migra-
tory activity ceases. Mitotic activity, however,
remains high; the epithelium thickens and the
cells differentiate rapidly (Fig. 1 1C).
Hence, it can be concluded that epithelializa-
tion is a complex process. It starts with the move-
ment of a small group of germinative cells which
are actively dividing while they cover a new
dermal surface. The cells left behind abandon
migratory activity and function like the cells
present in the normal epidermis, i.e. they multiply
and give rise to differentiating cells which in turn
keratinize. Thus, the emigrating epidermal cells
do not abandon any of their normal activities
during epithelialization. Indeed they acquire the
new quality of migratory activity, and in addi-
tion, their mitotic activity is increased and
differentiation is speeded up.
The concept of epithelialization presented here
is different from that generally accepted. Most
investigators consider epithelialization solely as
migration of cells from the hypertrophic epider-
A
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FIG. 11. Schematic illustration of the charac-
teristic stages of epithelialization. Stage A. This
illustrates the first stage in epithelialization.
Mitotie activity is high at the edge of the wound
and basal cells are displaced from the hypertrophie
epidermis. These form a wedge-shaped mass that
consists of actively dividing and migrating cells.
Stage B. The newly formed epithelium consists
functionally of two parts: (1) a proximal portion
where the cells actively divide and migrate and
(2) a distal portion where migration ceases and the
cells multiply and differentiate. Stage C. After
the proximal portions meet, migratory activity
ceases while mitotic activity remains high; the
epithelium thickens and the cells differentiate
quickly.
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mis over the wound surface. Cell proliferation,
most probably, has not been previously recog-
nized in the migrating epithelium because col-
chicine or tritiated thymidine was not used to
study mitotic activity. This study clearly shows
that without the use of these technics it is very
difficult to recognize proliferative activity in the
migrating epithelium. Mitosis plays an essential
role in epithelialization of wounds. Evidence for
this is soon in rabbits receiving prolonged col-
chicine treatment. By arresting cell divisions in
the newly formed epithelium wound covering
slows down considerably. Furthermore, differenti-
ation is also an important constituent process of
epithelialization that rapidly produces a para-
keratotic layer which acts as a temporary pro-C
tective barrier (28).
The sequential events of epithelialization
emerge clearly from this study; the results, how-
ever, do not elucidate factors which induce or
control cellular activities. The stimulus for mi-
totic activity has been the subject of many spec-
ulations. Presence of wound hormone (29), mi-
totic inhibitor (30, 31), etc., have been postulated
to explain mitosis at the edge of the wound but a
useful concept has not yet been developed to
understand increased mitotic activity during
wound repair. The initiation or cessation of
migratory activity is completely unexplained
while differentiation may be understood by re-
lating it to dermal induction (32).
SUMMARY
The sequential events of epithclialization were
studied in small and shallow wounds of untreated
rabbits and in those which received colchicine,
tritiated thymidine, or busulfan. The following
results were obtained:
1) Leukocytic invasion and formation of a
"poly-band" are the first responses to wounding.
The "poly-band" is fully formed after 18—22
hours; it sharply delineates the damaged area
from the intact tissues.
2) After the formation of the "poly-band,"
the epidermis lateral to the wound undergoes
bypertrophic changes and contains many divid-
ing cells.
3) After about 24 hours, basal cells are dis-
placed from the hypertropbic epidermis. These
form a wedge-shaped epithelial mass consisting
of many dividing cells. The mass moves forward
between the "poly-band" and the intact dermis.
Its continuity is assured by newly displaced basal
cells from the hypertropbied epidermis.
4) Subsequently, migratory activity ceases at
thedistal portion of the newly formed epithelium
mitotic activity remains high, the epithelium
thickens and the cells begin to differentiate. In
the proximal portion, meanwhile, the cells ac-
tively divide and migrate.
5) Once the fronts merge, migratory activity
ceases, the cells actively divide and differentiate
and form a thick parakeratotic epithelium.
6) The sequential events seen in this study
reveal that epitbelialization is not merely migra-
tion of cells from a hypertrophic epidermis, but
a complex process involving cell migration,
mitosis and differentiation.
7) Prolonged application of colohicine slows
down epithelialization by the arrest of cell divi-
sion in the migrating epithelium. Busulfan treat-
ment, on the other hand, inhibits epitbelialization
due to lack of formation of a "poly-band."
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